Abstract Age-dependent changes in heat shock response (HSR) were studied in mononuclear cells (monocytes and lymphocytes) collected from young (mean age ϭ 22.6 Ϯ 1.7 years) and middle-aged (mean age ϭ 56.3 Ϯ 4.7 years) subjects after 1 hour of heat shock at 42ЊC. Genotype-specific HSR was measured by genotyping the subjects for 3 single nucleotide polymorphisms, HSPA1A(A-110C), HSPA1B(A1267G), and HSPA1L(T2437C), 1 each in the 3 HSP70 genes. A significant age-related decrease in the induction of Hsp70 occurred after heat shock in both monocytes and lymphocytes. The noninducible and inducible forms of Hsp70 decreased 1.3-fold (P Ͻ 0.001) and 1.4-fold (P Ͻ 0.001), respectively, in the monocytes with age. In the young subjects, a positive association was found between HSPA1L(T2437C) polymorphism and HSR. CC carriers had a significantly lower induction than TT carriers in both monocytes (P ϭ 0.015) and lymphocytes (P ϭ 0.044). This polymorphism, which is present in the coding region of HSPA1L gene, can affect the chaperoning function of Hsp70. These data consolidate our other observations that the CC genotype is unfavorable for human longevity and provide a functional explanation in terms of variations in HSR.
INTRODUCTION
The heat shock response (HSR) is a cellular stress response that acts as a defense against protein misfolding and denaturation and its lethal consequences (Lindquist 1986; Verbeke et al 2001) . Furthermore, HSR is strongly associated with cellular and organismic survival, aging, and longevity (Rattan and Clark 2005) . However, at present, it is not clear whether individual differences in HSR and its effects on aging and longevity have a genetic basis in terms of polymorphisms. Recently, we and others have studied single nucleotide polymorphisms (SNPs) 
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Received 16 December 2005; Revised 23 March 2006; Accepted 4 April 2006. of the HSR genes, heat shock protein 70 (HSP70), in a human population with different parameters of health, longevity, and survival (Altomare et al 2003; Ross et al 2003; Singh et al 2004 Singh et al , 2006 .
In humans, 11 isoforms of HSP70 are encoded by different genes located at disperse loci. Three of the HSP70 genes are mapped within major histocompatibility complex class III region and are present in tandem on chromosome 6p21.3 (Goate et al 1987) . These are intronless HSP70-1(HSPA1A), , and HSP70-Hom(HSPA1L) (Milner and Campbell 1990 ) genes with homologous sequences that differ in their regulation.
Here, we hypothesize that variants in the HSP70 genes might be associated with differences in the cellular response to stressful conditions such as heat shock (HS). Therefore, we have performed a series of functional tests to evaluate whether peripheral blood mononuclear cells collected from individuals of 2 age groups have different abilities to respond to stress and whether this difference is correlated with the genotypes generated from the 3 SNPs present in the 3 HSP70 genes.
The 3 SNPs that we studied are A-110C (marker rs1008438), present in the promoter region of HSPA1A; the synonymous A1267G (marker rs1061581), present in the coding region of HSPA1B; and the nonsynonymous T2437C (Marker rs2227956), present in the coding region of HSPA1L. The latter SNP leads to a change in Hsp70 amino acid at position 493 from a nonpolar hydrophobic acid methionine (Met) to a polar neutral threonine (Thr) and could have molecular functional significance with respect to the stability and activity of this chaperoning protein.
MATERIALS AND METHODS

Sampling
Venous blood samples were collected from healthy male and female donors who visited the blood bank of the Aarhus University Hospital. Blood samples from 52 middle-aged individuals (30 males, mean age 57.7 Ϯ 4.4 years; 22 females, mean age 54.4 Ϯ 4.4 years) and 59 young individuals (25 males, 22.6 Ϯ 1.7 years; 34 females, 22.7 Ϯ 1.7 years) were collected. Permission for collecting the blood samples was taken from the Danish ethical committee. Written consent was also taken from the donors before retrieving a 20-mL blood sample in collection tubes containing ethylenediaminetetraacetic acid (EDTA).
Cell preparation
Peripheral mononuclear cells were isolated by the FicollHypaque gradient method. EDTA-blood (10 mL) mixed with an equal volume of phosphate-buffered saline (PBS) was gently poured over 5 mL of Ficoll-Paque Plus solution (Amersham Biosciences, Hillerød, Denmark), taking care that the solutions did not mix with each other. After centrifugation for 40 minutes at 500 ϫ g, a clear layer containing mononuclear cells (monocytes and lymphocytes) was sandwiched between the layers containing plasma, Ficoll-Paque solution, and erythrocytes. Mononuclear cells were removed from the interface and transferred to another tube and centrifuged for 10 minutes at 100 ϫ g. Cells were then washed twice in PBS containing 1% bovine serum albumin (PBS-BSA) by centrifuging for 3 minutes at 900 ϫ g. After washing, the cells were either resuspended in cell culture medium RPMI1640 (10% fetal calf serum, 2 mM N-2-hydroxyethylpiperazine-NЈ-2-ethane-sulfonic acid buffer, 2 mM glutamine, penicillin, streptomycin) in a 35-mm-diameter petri dish (Nunclon) or were directly frozen at Ϫ135ЊC so that the DNA could be isolated at later stage.
Aliquots of cell suspension (1 mL) were treated immediately at room temperature for intracellular immune staining of Hsp70. This gave the measure of the basal (non-HS) level of the Hsp70. For measuring HSR, cells were plated at a concentration of approximately 3 million cells/mL in 35-mm-diameter petri dishes and incubated in a 5% CO 2 incubator at 37ЊC for 10-15 hours.
Heat shock and cell staining
The cells were given HS for 1 hour at 42ЊC in a water bath. The cells were then trypsinized and stained for Hsp70-specific antibodies after 5 hours of HS. Kinetics of Hsp70 synthesis and accumulation were studied by staining the cells after 0, 2, 4, 6, 8, 12, and 24 hours. After specific recovery times, the cell content from the petri dish was trypsinized and transferred into a 15-mL tube. Cells were then washed in PBS-BSA. The cell suspension (100 L) was then transferred to an eppendorf tube for staining.
Intracellular staining
To the 100-L cell suspension (containing around 1 million cells), 10 L each of R-phycoerythrin (R-PE)-conjugated anti-CD14 antibody and allophycocyanin (APC)-conjugated anti-CD45 antibody (BD Biosciences, Brødby, Denmark) was added. CD14 is a cell surface marker on monocytes, whereas CD45 is a cell surface marker both on monocytes and lymphocytes. Cells were washed in 1 mL of PBS-BSA and centrifuged at 900 ϫ g for 3 minutes and then fixed for 15 minutes at room temperature in 75 L of a solution containing formaldehyde (reagent A; DAKO Cytomation, Glostrup, Denmark). Cells were again washed in 1 mL of PBS-BSA and then permeablized with solution containing reagent B (DAKO Cytomation) and at the same time incubated with Hsp70-specific monoclonal antibody (diluted in PBS-BSA at 1:10) conjugated with fluorescein isothiocyanate (FITC, SPA-810FI; Biosite, Taby, Sweden). The cells were then incubated at room temperature for 30 minutes in the dark followed by a wash in PBS-BSA. After washing, cells were suspended in 500 L of PBS and were then analyzed by flow cytometry.
Quantification by fluorescence-activated cell sorting
After staining with intracellular antibodies, cells were analyzed by fluorescence-activated cell sorting (FACS; BD FACS Aria). This allowed us to analyze the level of Hsp70 in a cell type-specific manner. Specific cell populations were gated with the use of fluorescence measured on the CD14-PE and CD45-APC parameters. Because the Hsp70-specific antibody was conjugated with FITC, the mean fluorescence index (MFI) of FITC from a particular cell type was measured. This corresponded to the amount of protein present in a specific cell population. FITC was measured on a 530/30 filter. Furthermore, a control sample from the same individual was included with every run to minimize day-to-day variations in the measurement of FITC and to adjust the voltage of the photomultiplier. MFI of FITC was calculated for 30 000 cells from each cell type in every sample (Fig 1) .
DNA preparation
DNA was isolated from the mononuclear cells in pellet form at Ϫ135ЊC. Cells were thawed at room temperature, and 500 L of lysis buffer (Tris 10 mM, EDTA 1 mM, NaCl 150 mM, SDS 0.5%, pH 10.5, autoclaved) was added. At the same time, 10-15 L of proteinase K solution was added to the cells (stock concentration 20 g/L). The tubes were then kept for 1 hour at 37ЊC on a heating block/incubator. After 1 hour, the contents in the tubes were mixed gently. NaCl (160 L, 6 M, 20ЊC) was added, and tubes were shaken for 15 seconds after centrifugation for 5 minutes at high speed at 4ЊC. Supernatant was then transferred to a fresh 1.5-mL eppendorf tube with a plastic pipette and centrifuged. Supernatant was then transferred to a 2-mL eppendorf tube. Three volumes of absolute alcohol kept at Ϫ20ЊC was added, and the tubes were turned gently. DNA was eluted at this stage. Tubes were then centrifuged, and the supernatant was drained. The DNA in the pellet was then washed with 70% ethanol. The tubes were dried of alcohol, and DNA was dissolved in 20 L of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5, autoclaved) or double-distilled water.
Genotyping
Three SNPs, HSPA1A(A-110C) (marker rs1008438), HSPA1B(A1267G) (marker rs1061581), and HSPA1L(T2437C) (marker rs2227956), in the 3 HSP70 genes were genotyped by real-time PCR on the LightCycler system (Roche Applied Sciences, Hvidovre, Denmark) with fluorescently labeled, sequence-specific oligonucleotide probes. The LightCycler reaction was performed on 1 L of DNA in the 10-L reaction mix containing the following reagents:
, and double-distilled water (4.72 L). The sequence of the primers and probes used is given in Table 1 .
Statistical analysis
To test differences in Hsp70 synthesis between the young and middle-aged populations, an independent-sample t- test was performed. Cell-specific differences in the ability to synthesize Hsp70 were tested with a paired-sample ttest. The linear correlation coefficient (Pearson r) was used to measure the correlation between Hsp70 and age. Analysis of variance was performed to see whether the genotypes in the 3 HSP70 genes are associated with Hsp70 synthesis, independent of the age. Significance was set at the P Ͻ 0.05 level for all comparisons. Statistical analyses were performed with SPSS, Version 13.0.
RESULTS
Kinetics of Hsp70 induction
Kinetics of HSR in terms of the induction of synthesis of Hsp70 and accumulation over time were determined in monocytes and lymphocytes isolated from blood samples taken from a young (age 29 years) healthy male. Figure  2 shows that Hsp70 levels had already increased significantly during the 1-hour period of HS at 42ЊC; continued to increase until 4 hours after HS, after a stable period of about 6-8 hours; and finally declined toward the basal level after 24 hours.
This time-dependent trend in the increase and decrease in Hsp70 levels was observed both for lymphocytes (Fig  2A) and monocytes (Fig 2B) . On the basis of these observations, the condition at 5 hours, after 1 hour of HS at 42ЊC, was chosen as a time point for all the following studies and comparisons. Cell-specific induction of Hsp70 showed that the basal and induced levels of Hsp70 in monocytes were several-fold higher than in lymphocytes (Fig 3) .
Basal and induced levels of Hsp70 with age
An age-dependent decrease in the ability of monocytes and lymphocytes to synthesize Hsp70 was observed, both before (basal) and after (induced) HS. Figure 4 shows the basal levels at 37ЊC and induced levels (5 hours after 1 hour of HS at 42ЊC) of Hsp70 in lymphocytes and monocytes from young and middle-aged individuals. Table 2 summarizes the data, showing that basal levels of Hsp70 significantly differed between monocytes and lymphocytes in both young and middle-aged individuals. The induced level of Hsp70 was also significantly different between monocytes and lymphocytes in both young and middle-aged individuals. Upon HS, monocytes from both young and middle-aged individual showed around a 12-fold increase in the synthesis of Hsp70, whereas lymphocytes from both age groups showed an approximately 3-fold increase in Hsp70 synthesis. A paired-sample t-test showed a significant increase in the HS-induced synthesis of Hsp70 in both cell types in young and middle-aged individuals (P Ͻ 0.001; Table 2 ).
With respect to age-related response, the basal level of Hsp70 in lymphocytes showed no significant difference. However, induced levels decreased with age only in monocytes. The t-test for independent samples was done to compare means in the 2 age groups. In monocytes, the amount of basal and inducible forms of Hsp70 decreased 1.3-fold (P Ͻ 0.001) and 1.4-fold (P Ͻ 0.001), respectively, with age. In lymphocytes, too, the amount of both basal and inducible Hsp70 decreased with age. This decrease in the synthesis of Hsp70 was maintained when genderspecific analysis was done (data not shown).
A negative correlation between Hsp70 synthesis and age was also observed for monocytes. Hsp70 synthesis in monocytes, both before (r ϭ Ϫ0.341; P Ͻ 0.001) and after (r ϭ Ϫ0.357; P Ͻ 0.001) HS, was significantly correlated with age. However, the correlation between Hsp70 synthesis and age in lymphocytes was not significant either before (r ϭ Ϫ0.069; P ϭ 0.474) or after (r ϭ Ϫ0.065; P ϭ 0.501) HS (Fig 4) .
Association of HSP70 gene variations and Hsp70 synthesis
Three polymorphisms in the 3 HSP70 genes were found to be in Hardy-Weinberg equilibrium in the young and middle-aged populations. Histograms of the cell-specific induction of Hsp70 in lymphocytes (A) and monocytes (B) by FACS. The solid peak corresponds to the non-heat-shocked (basal) level, whereas the dashed peak corresponds to the heat-shocked (induced) level of Hsp70, depicted by the FITC signal. Both the basal and heat-shocked levels of Hsp70 are higher in monocytes than in lymphocytes. Also, more Hsp70 is induced in monocytes than in lymphocytes.
The association of genotypes with Hsp70 induction is shown in Figure 5 in terms of MFI, in arbitrary units, in young and middle-aged individuals. An age-independent association of genotypes, generated by 3 SNPs, with Hsp70 induction showed that genotype HSPA1L-CC had a significantly lower induction than HSPA1L-TT in both monocytes (P ϭ 0.015) and lymphocytes (P ϭ 0.044) in the young population (Fig 5A,C) , but not in the middleaged group (Fig 5B,D) . However, there was no association between genotypes and Hsp70 induction in the nonshocked cells (data not shown).
DISCUSSION
In this study, we reported an age-dependent decrease in the ability of human mononuclear cells to respond to HS in terms of induced synthesis of Hsp70. This confirms the result from previous studies (Njemini et al 2002; Visala et al 2003; Jin et al 2004) . Because we did not see any gender effects on the ability to respond to stress, we grouped males and females for our further analyses.
The significant novel aspect of our studies is that we have observed that the young carriers of HSPA1L-CC genotype had significantly decreased induction of Hsp70 compared with HSPA1L-TC and HSPA1L-TT genotypes in both cell types. In a population-based genetic association study, we (in preparation) and others (Ross et al 2003) observed that the frequency of HSPA1L-CC genotype carriers decreased with age. This polymorphism is present in the coding region of HSPA1L and leads to an amino acid change at position 493 from a nonpolar hydrophobic Met to a polar neutral Thr. Amino acid 493 is present in the 18-kDa peptide-binding domain on the beta sheet that forms the floor of the peptide binding groove (Pociot et al 1993) . Hence, an amino acid change at this position could be associated with the peptide-binding specificity of Hsp70. A change to a polar neutral Thr (allele C) might affect the chaperone activity and the functional efficiency of HSPA1L by lowering the strength of the hydrophobic interactions between chaperones and the target protein (Ross et al 2003) . The result from this study reiterates this fact. With this observation, we have been able to give a functional explanation for the earlier findings from gene association studies that this polymorphism affects human longevity. In another study associating human survival with HSP70 genes, we observed that the carriers of HSPA1L-CC genotype had worse survival than the noncarriers (in preparation).
Though HSR has been shown to decrease with age in several studies, Marini et al (2004) did not see any significant difference in the HSR between centenarians and young controls, suggesting that, unlike most elderly subjects, centenarians had kept constant the important element of stress response. They also observed that the carriers of HSPA1A-AA genotype had less HSR than the noncarriers. This A-110C polymorphism is present in the 5Ј flanking region, 3 base pairs upstream, of the HS element (HSE) of the promoter region of HSPA1A (Milner and Campbell 1992) . Favatier et al (1999) had earlier shown that this polymorphism does not affect the binding of HS factor to the HSE and, hence, the synthesis of Hsp70. Accordingly, in our study, we did not observe any association of this polymorphism with HSR.
In this study, we observed that the HSR difference between different genotypes of HSPA1L(T2437C) was only present at a young age and this genotypic difference dimin- Correlation before and after exposure to heat shock between mean fluorescence index (MFI), which corresponds to the amount of Hsp70 synthesized, and age in lymphocytes (A, 37ЊC), lymphocytes (B, 42ЊC), monocytes (C, 37ЊC), and monocytes (D, 42ЊC). Hsp70 synthesis in monocytes, both before (C; r ϭ Ϫ0.341, P Ͻ 0.001) and after (D; r ϭ Ϫ0.357, P Ͻ 0.001) heat shock was significantly correlated with age. ished in middle-aged individuals. However, in our other studies, we had observed that the decreased mortality associated with CC genotype and haplotypes carrying allele C (A-A-C) is more notable in old age (data not shown). A possible explanation for this could be that, because T to C substitution causes decreased HSR in the young, it can in turn lead to increased stress-related cell death of specific cell types in the young carriers of A-A-C. This in turn might lead to high turnover of the cells, leading to the synthesis of progenitor cells with shorter telomeres. Hence, these cells might go into premature replicative senescence, which could, in turn, lead to decreased survival of the C-carrying haplotype at a later age. One of the major limitations that all population-based longevity association studies face is that possible genetic association is rarely evaluated and tested through functional assays. Hence, although one gets some information on a possible difference in the allele, genotype, or haplotype frequencies between young and old individuals or knows the survival advantage of the carriers of one type of genetic variant over the other, one never gets to know how these genetic differences express themselves at the cellular level. In this study, we have successfully substantiated our observations from the genetic study with a series of functional analyses, showing that those genetic variants that are positively associated with human longevity and with survival advantage are also associated with an increased ability to respond to stress.
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